e Pseudomonas aeruginosa bacteremia is associated with high hospital mortality. Empirical combination therapy is commonly used to increase the likelihood of appropriate therapy, but the benefits of employing >1 active agent have yet to be established. The purpose of this study was to compare outcomes of patients receiving appropriate empirical combination versus monotherapy for P. aeruginosa bacteremia. This was a retrospective, multicenter, cohort study of hospitalized adult patients with P. aeruginosa bacteremia from 2002 to 2011. The primary endpoint (30-day mortality) was assessed using multivariate logistic regression, adjusting for underlying confounding variables. Secondary endpoints of hospital mortality and time to mortality were assessed by Fisher's exact test and the Cox proportional hazards model, respectively. A total of 384 patients were analyzed. Thirtyday mortality was higher for patients receiving inappropriate therapy than for those receiving appropriate empirical therapy (43.8% versus 21.5%; P ‫؍‬ 0.03). However, there were no statistical differences in 30-day mortality following appropriate empirical combination versus monotherapy after adjusting for baseline APACHE II scores and lengths of hospital stay prior to the onset of bacteremia (P ‫؍‬ 0.55). Observed hospital mortality was 36.6% for patients administered combination therapy, compared with 28.7% for monotherapy patients (P ‫؍‬ 0.17). After adjusting for baseline APACHE II scores, the relationship between time to mortality and combination therapy was not statistically significant (P ‫؍‬ 0.59). Overall, no significant differences were observed for 30-day mortality, hospital mortality, and time to mortality between combination and monotherapy for P. aeruginosa bacteremia. Empirical combination therapy did not appear to offer an additional benefit, as long as the isolate was susceptible to at least one antimicrobial agent.
P
seudomonas aeruginosa is a common pathogen that is implicated in a wide variety of nosocomial infections (1) . In particular, P. aeruginosa bacteremia is associated with high mortality. Reported mortality rates exceed 50% in some series and are even higher within certain populations, such as patients with severe underlying comorbid conditions or those who are immunosuppressed (2) (3) (4) (5) .
P. aeruginosa is intrinsically resistant to many commonly used antimicrobial agents, and resistance has been reported for nearly all known antibiotics (6, 7) . In addition, multidrug-resistant (MDR) P. aeruginosa strains are increasing in prevalence and are associated with higher mortality than multidrug-susceptible strains (8) (9) (10) . Intrinsic resistance coupled with the increasing prevalence of MDR strains has complicated appropriate empirical antibiotic selection by limiting the number of available active agents. Appropriate empirical antimicrobial selection is crucial to the management of severe pseudomonal infections.
The notion of using combination therapy for P. aeruginosa bacteremia was first established by a prospective multicenter study by Hilf and colleagues in 1989 (11) . They demonstrated a significant mortality benefit for patients who received combination therapy (47% versus 23%; P ϭ 0.023). However, in 2004, this idea was challenged by a meta-analysis comparing beta-lactam monotherapy versus beta-lactam in combination with an aminoglycoside for immunocompetent septic patients (12) , which was in favor of monotherapy. Due to the small number of P. aeruginosa bacteremia cases included in the analysis and the lack of randomized clinical trials, convincing clinical data are sparse, and controversy still exists (13, 14) .
In contrast, the importance of appropriate empirical therapy for P. aeruginosa bacteremia with regard to mortality reduction has been established previously (4, 15, 16) . In order to increase the likelihood of achieving appropriate therapy, combination antimicrobial therapy is often used empirically (2, (17) (18) (19) (20) (21) . Even though combination therapy does not appear to be associated with improved outcomes once susceptibilities are known (22) , it is still not established whether the number of appropriate empirical antimicrobial agents affects patient outcomes. The purpose of this study was to assess the impact of appropriate empirical combination therapy (Ͼ1 active agent) versus monotherapy for patients with P. aeruginosa bacteremia.
MATERIALS AND METHODS
Study design and sites. This was an international, multicenter, retrospective cohort study of hospitalized patients with P. aeruginosa bacteremia from 1 January 2002 to 31 December 2011. The study was conducted at St. Luke's Episcopal Hospital (a 900-bed acute care teaching hospital in Houston, TX), Singapore General Hospital (a 1,600-bed acute care teaching hospital in Singapore, Singapore), and Tan Tock Seng Hospital (a 1,400-bed general care hospital in Singapore, Singapore). The institutional review board of each hospital approved the study. Subject informed consent was not mandated due to the retrospective nature of the study.
Study subjects. All patients older than 18 years of age and with a positive blood culture for P. aeruginosa, and who were hospitalized for at least 48 h after the index culture was obtained, were considered eligible. Patients were identified using each institution's clinical microbiology database. Patients with polymicrobial bacteremia were excluded. Subsequent positive blood cultures of P. aeruginosa obtained within 30 days of the index blood culture were considered part of the same bacteremic episode and were excluded from the analysis.
Data collection. Pertinent demographic and clinical data were collected from electronic medical records for all patients. Variables collected included age, gender, ethnicity, length of hospital stay prior to the index blood culture, length of hospital stay associated with blood culture (from index blood culture to hospital discharge date), empirical treatment, and in vitro susceptibility results for the organism. Additionally, comorbidities such as cardiovascular and respiratory disorders, renal and liver dysfunction, central nervous system disease (cerebrospinal fluid leak and stroke), diabetes mellitus, and immunosuppression (HIV infection, chemotherapy, chronic steroid use equivalent to Ն10 mg prednisone daily for Ն1 month, or solid-organ transplantation) were collected. The source of bacteremia was determined by documented positive cultures of P. aeruginosa with the same in vitro susceptibilities within 72 h of the index culture. The acute physiology and chronic health evaluation (APACHE II) score was collected for all patients, within 24 h of the index blood culture, to assess the infection-related severity of illness. The primary endpoint was 30-day mortality, starting from the date of the index culture. Patients who were discharged prior to the 30-day point were considered alive unless proven otherwise. Secondary endpoints were hospital mortality and time to mortality. Time to mortality was observed directly if the patients died. For patients who were discharged, they were alive at least until the date of discharge and therefore were handled as censored data.
Definitions. Appropriate empirical antibiotic therapy was defined as administration within 24 h of index blood culture of an antipseudomonal antimicrobial agent to which the isolate was susceptible on the final susceptibility report. Susceptibility interpretations were based on the published Clinical and Laboratory Standards Institute breakpoints for that period, as reported by the microbiology laboratory. Appropriate empirical combination therapy was defined as administration of more than one appropriate antimicrobial agent. It was considered monotherapy if a patient was given two antipseudomonal agents but only one agent was appropriate. Selection of antimicrobial therapy was left to the discretion of the attending physician at each institution.
Sample size determination (power analysis). For the primary analysis, an alpha level of 0.05 and a beta level of 0.15 were used. Based on a published 30-day mortality rate of 28% (23), a reduction to 10% mortality with appropriate empirical combination therapy was deemed clinically significant. Therefore, a delta level of 18% was used. It was anticipated that more patients would receive appropriate empirical monotherapy than combination therapy, and a 3:1 ratio was utilized. A sample size of 195 monotherapy and 65 combination therapy patients would thus be needed.
Statistical methods. Clinical outcomes for patients receiving appropriate empirical combination therapy were compared to those for patients given appropriate empirical monotherapy. The Student t test or the Kruskal-Wallis test was used to compare continuous variables. Categorical variables were compared by Fisher's exact test. Potential confounding of the primary endpoint was adjusted using multivariate logistic regression. Time to mortality was assessed using the Cox proportional hazards model; times were compared using the length of stay associated with the index culture, censored by hospital mortality and stratified by empirical (combination or mono-) therapy. Univariate analyses for logistic regression and Cox proportional hazards models were used to determine the odds ratio (OR) or hazards ratio (HR) for different variables, with 95% confidence intervals (CI). Covariates with P values of Ͻ0.2 by univariate analysis were included in the multivariate analysis, utilizing a backwardselection process. P values of Յ0.05 were considered significant, and all tests were two tailed. All statistical analyses were performed using SYSTAT, version 12 (SYSTAT Software, Chicago, IL).
RESULTS

Study subjects and outcomes.
A total of 384 patients were examined during the study period. Sixteen patients (4.2%) received inappropriate therapy, while the remaining 368 patients (95.8%) received appropriate therapy. Thirty-day mortality was significantly higher (43.8% versus 21.5%; P ϭ 0.03) in patients who received inappropriate therapy, providing background validity to the study.
Of the 368 patients given appropriate therapy, 211 (57.3%) were male; the mean age (Ϯ standard deviation [SD]) was 61.7 years (Ϯ15.3 years), and the mean APACHE II score was 13.6 (Ϯ6.6). One hundred fifty-five patients were Caucasian, 95 were African American, 70 were Asian, and 43 were Hispanic. Eightytwo patients received empirical combination therapy, and 286 patients received empirical monotherapy. There were no statistical differences in baseline characteristics between the two groups (Table 1). The mean APACHE II score was 13.5 (Ϯ6.3) with monotherapy and 13.9 (Ϯ7.3) with combination therapy (P ϭ 0.92 by the Kruskal-Wallis test).
The most common combination of antimicrobials administered was an antipseudomonal beta-lactam with an aminoglycoside (n ϭ 33). In general, cefepime was the most frequently administered antipseudomonal beta-lactam (n ϭ 40) for patients who received combination therapy, followed by piperacillin-tazobactam (n ϭ 26) and meropenem (n ϭ 20). Tobramycin was the aminoglycoside that was used most frequently in combination therapy (n ϭ 15).
Thirty-day mortality was 23.2% for patients given combination therapy, compared to 20.0% for the monotherapy group (P ϭ 0.24). Independent risk factors associated with 30-day mortality were the infection-related APACHE II score and the length of hospital stay prior to the onset of bacteremia (Table 2 ). After adjusting for these variables, there was still no significant difference between combination and monotherapy (OR ϭ 1.21; 95% CI ϭ 0.62 to 2.28; P ϭ 0.55). There was also no statistically significant difference in 30-day mortality for patients with concurrent vasopressor therapy and combination or monotherapy (36.6% versus 30.7%; P ϭ 0.64). Subgroup analyses revealed that the lack of difference in primary endpoint could not be attributed to the period of enrollment or the country of patient origin (data not shown). The overall hospital mortality rate among appropriately treated patients was 30.4%. Observed hospital mortality was 36.6% for patients administered combination therapy, compared with 28.7% for the monotherapy group (P ϭ 0.17). The infectionrelated APACHE II score was the only variable identified to be associated with survival over time (HR ϭ 1.05; 95% CI ϭ 1.03 to 1.08; P Ͻ 0.001). After adjusting for infection-related APACHE II scores, the relationship between times to mortality with combination and monotherapy was not statistically significant (P ϭ 0.59) (Fig. 1) .
DISCUSSION
This international, multicenter study sought to determine differences in mortality between appropriate empirical combination and monotherapy for patients with P. aeruginosa bacteremia. The results of our study suggest that there are no differences between 30-day mortality, hospital mortality, or time to mortality between appropriate empirical combination and monotherapy, even after adjusting for confounding variables.
To put the study into proper clinical perspective, a few patients given inappropriate empirical therapy were included. Although it was not the main focus of the study, we demonstrated that patients with inappropriate empirical therapy for P. aeruginosa bacteremia had higher mortality, which agreed with the findings of previous studies and further highlighted the importance of proper antibiotic selection (20, 23) .
Often, patients with a higher severity of illness receive therapy with multiple agents due to an increased risk of mortality (24) . In our study, there were no differences in infection-related severity of illness between patients who received combination and monotherapy. Often, empirical antimicrobial agents are chosen based on the probability of the patient being infected with an MDR organism (25) , based on variables such as length of hospitalization and comorbid conditions. Patients infected with MDR organisms are more likely to be treated with inappropriate therapy (10) and therefore may be given empirical combination therapy to increase the likelihood of achieving appropriate therapy. While isolation of an MDR organism was not specifically examined, there were no differences found in the length of hospital stay prior to index blood culture, comorbidities, or source of bacteremia between patients who received combination and monotherapy. We also evaluated the risk factors independently associated with 30-day mortality and adjusted for confounding variables. The infection-related APACHE II score as well as the length of hospital stay prior to blood culture was independently associated with 30-day mortality. However, after adjusting for these variables in the multivariate analysis, there was no difference in 30-day mortality between combination and monotherapy. Using the Cox proportional hazards model, we also found that the infectionrelated APACHE II score was associated with survival over time. After adjusting for the APACHE II score in the multivariate analysis, there was no difference in survival over time between combination and monotherapy.
There are studies that examine combination therapy as empirical therapy, but not necessarily appropriate empirical combination therapy. Some studies have demonstrated a lack of benefit with combination therapy as definitive therapy (20, 22) . A recent study of definitive therapy with beta-lactam monotherapy or combination therapy with a beta-lactam plus an aminoglycoside or fluoroquinolone reported an uncertain benefit for P. aeruginosa bacteremia (26) . Our study is unique in that it is the largest study to date powered to examine whether the number of appropriate empirical agents, not just appropriate empirical therapy, affects outcomes. The results of our study can be adopted in routine antimicrobial stewardship practice.
There are several limitations of this study. First, we used a retrospective, observational study design. We were unable to stratify patients based on the source of bacteremia or to control for prescribing practice for antimicrobials. Second, we looked at only the first 48 h of empirical therapy; observing a longer duration of therapy may have influenced the outcomes. Third, our definition of appropriate therapy included any agent administered that had in vitro susceptibility to the isolate. In some cases, patients were administered two agents, but the only appropriate agent was an aminoglycoside, therefore constituting functional aminoglycoside monotherapy. Aminoglycoside monotherapy was considered inappropriate therapy in previous studies (15, 22) . Fourth, synergy could be observed between an active and an inactive agent (defined as functionally appropriate monotherapy), as well as with 2 inactive agents combined (defined as inappropriate therapy). However, our study was not designed to address these intricacies. Lastly, we did not stratify patients with MDR strains. Isolation of an MDR strain is an independent risk factor for 30-day mortality (24) and may have been a confounding variable in our study.
In summary, this study suggests that there is no difference in mortality outcomes associated with the number of appropriate agents administered during initial empirical therapy for P. aeruginosa bacteremia, as long as at least one agent is active. Achieving appropriate empirical therapy plays an important role in improving patient outcomes with P. aeruginosa bacteremia. Due to the wide variation in isolate susceptibilities at different institutions, we suggest that empirical antimicrobial therapy be guided by pathogen susceptibilities at a specific institution and treatment strategies adopted to achieve appropriate therapy.
